We have analysed the cDNA coding for the envelope glycoprotein (El) gene and the terminal non-translated regions (NTRs) of the avirulent Semliki Forest virus (SFV) A774 (A7) variant. The E1 gene exhibited 98-5 % identity to the SFV prototype strain L10 (WT) sequence at the nucleotide level. Of the 34 single base substitutions, six led to a change in the deduced amino acid sequence. The 3' NTR of A7 consisted of a I01 nucleotide sequence, not found in WT, followed by five tandemly arranged sequence motifs, two of which were truncated forms of the others. One full-length and one truncated repeat are found at the 3' NTR of WT, The repeats of A7 were followed by a non-repeating sequence, very similar to the equivalent region in WT. Owing to the unique sequence motif and the tandem repeats, the 3' NTR of A7 is 334 nucleotides longer than that of WT. Each of the repeats had an internal 12 nucleotide motif complementary to a conserved sequence in the 5'-terminal non-structural protein 1-encoding region, thought to be important in alphavirus RNA replication, In the 5' NTR, three point mutations were found. The conserved sequence binding to the repeated 3 / motifs was identical in A7 and WT.
Semliki Forest virus (SFV) is a neurotropic alphavirus, widely used in studies of membrane protein biosynthesis and virus pathogenicity. The SFV virulent strain L10 (WT) causes lethal encephalitis in small rodents but infection with the avirulent A774 (A7) variant strain is asymptomatic. The L10 strain is a derivative of SFV isolated from a pool of mosquitoes (Aedes abnormalis) in Uganda in 1942 (Smithburn & Haddow, 1944) and A7 originates from mosquitoes (,4. argenteopunctatus) caught in Mozambique in 1959 (McIntosh et al., 1961 . The A7 strain was established from the original isolate (AR2066) by Bradish et al. (1971) . Although avirulent, A7 virus facilitates the induction of experimental autoimmune encephalomyelitis (EAE) in otherwise resistant mouse strains and has therefore been used in studies of virus-induced autoimmunity (Mokhtarian & Swoveland, 1987; Wu et al., 1988) . The molecular and immunological mechanisms behind the viral contribution to EAE induction are unknown.
The genome of SFV is an ssRNA molecule consisting of about 11400 nucleotides (Garoff et al., 1980; Takkinen, 1986) . Following virus entry, the 42S genomic RNA is released and about two-thirds is translated into non-structural polypeptides involved in virus replication
The SFV A7 nucleotide sequence data reported here have been submitted to the EMBL database with the accession numbers : 3' NTR, X74423; 5' end, X74424; El, X74425. (Takkinen, 1986) . 42S RNA also serves as a template for minus-strand RNA, which is the template for the nascent full-length genome. It is also partially transcribed to plus-stranded RNA, starting from an internal initiation site to give the subgenomic 26S mRNA which encodes the capsid and membrane glycoproteins E3, E2, 6K and E1 (Garoff et al., 1980) . Several investigations have made comparisons of virulent and avirulent alphavirus strains in order to relate differences in pathogenicity between virus variants to differences in the genome. Generally, virulence can be attributed to a high replication rate of a pathogenic strain in the target cells leading to cell lysis before the immune system intervenes. Molecular analysis of alphaviruses has revealed that the determinants causing attenuated phenotypes are polygenic and can in most cases be attributed to differences in the structure of the virus envelope glycoproteins (Barrett et al., 1980; Lustig et al., 1988; Pence et al., 1990; Polo & Johnston, 1990; Davis et al,, 1991; Glasgow et al., 1991; Tucker & Griffin, 1991) .
However, in addition to differences in the membrane glycoproteins, the terminal non-translated regions (NTRs) of the viral genome may play a role in pathogenesis. For example, the attenuation of Venezuelan equine encephalitis virus strain TC-83 is enhanced by a point mutation in the 5' NTR (Kinney et al., 1993) , and a single nucleotide change in the poliovirus genome 5' NTR is a major determinant of neuropathogenicity (Evans et al., 1985; Omata et al., 1986) . The exact mechanisms behind these phenomena are unknown. Circularization of the 42S RNA has been thought to be essential for recognition of the alphavirus RNA replicase (Frey et al., 1979) , and may occur via pairing of conserved sequence motifs found at both the 5' and 3' termini of alphavirus genomes (Ou et al., 1983) . Results from previous studies on proliferation in the mouse central nervous system of both virulent and demyelinating SFV strains suggest that the reduced neurovirulence of certain strains may be due to their reduced ability to replicate in neurons (Gates et al., 1985; Smyth et al., 1990; Balluz et al., 1993; Fazakerley et al., 1993) .
Studies on the molecular biology of the SFV A7 variant are important for understanding the mechanisms of pathogenicity of SFV infection. As a first step towards understanding the phenomenon, we have cloned and sequenced cDNA coding for the A7 envelope glycoprotein, El, as well as the 5'-and 3'-terminal NTRs. We have found a divergent E1 nucleotide and amino acid sequence and the presence of an apparent insertion of 334 nucleotides immediately after the stop codon for the E1 gene in A7, consisting of a unique sequence motif and five repetitive sequence elements.
The avirulent A7 virus used in the present study was a generous gift from Dr H. E. Webb (The Rayne Institute, St Thomas' Hospital, London, U.K.). The virus was initially passaged five times in this laboratory in MBA13 cells, a transformed mouse brain cell line and was then plaque-purified three times in MBA13 cells. For virus preparation, purified virus was used to infect monolayer cell cultures in 260 ml plastic culture bottles (Nunc) at a low m.o.i. (5 x 10 -a p.f.u, per cell). Supernatants of these cultures were then used to infect MBA13 cells in roller bottles. After incubation for 48 h at 35 °C the clarified supernatants were concentrated and the virus was purified using sucrose gradient centrifugation (10%, 20 %, 25 % and 50 % w/v). The virus-containing fraction was diluted in PBS and pelleted. Genomic RNA was then purified as described by Ou et al. (1981) . Viral RNA was precipitated with 2'5 volumes of ethanol in 0.3 Msodium acetate at -68 °C. The purified RNA was shown to be infective by transfection of baby hamster kidney (BHK)-21 cells by electroporation, followed by infection of fresh MBA13 cells after 48 h in culture with the resulting supernatant. The plaque-purified A7 virus was avirulent as shown by intraperitoneal administration of 106 p.f.u, of infectious virus into 7-week-old BALB/c mice. This virus stock was used as a source of genomic RNA.
Purified A7 RNA (1 lag) was subjected to cDNA synthesis using a kit from Pharmacia. EcoRI/NotI adapters were attached and the cDNA was cloned into a lambda gtl 1 bacteriophage cloning vector (Stratagene). The recombinant phages were packed into empty phage envelopes (Gigapack Gold, Stratagene) and used to transfect Escherichia coli Y1090 cells. Oligonucleotides (synthesized at the Department of Medical Microbiology, University of Turku) specific for WT were labelled with [y-a2p]ATP and used to identify phage clones containing A7 inserts.
SFV-containing inserts were isolated and subcloned into pGEM-5Zf(+) (Promega) or pUC19 (Pharmacia) plasmid vectors digested with NotI and EcoRI, respectively. The nucleotide sequences of the E1 gene and the terminal NTRs were determined by the chain termination method (Sanger et al., 1977) using Sequenase (USB) and universal, reversed and SFV-specific primers. In order to exclude cloning artefacts, two independent cDNA inserts were sequenced and the results compared to other alphaviruses. The nucleotide sequence of the virulent WT strain (Garoff et al., 1980; Takkinen, 1986) was used as a reference SFV sequence. The University of Wisconsin GCG program package (version 7.2) was used to analyse the sequence data available for the WT strain.
The nucleotide sequence of the E1 gene and the 3/-terminal NTR of the A7 genome is shown in Fig. 1 (a) , along with the corresponding WT genome sequence. Several features of the sequence data are of interest. Firstly, the E1 gene sequence was closely similar (98.5 % at the nucleotide level) to that of WT. There were 34 nucleotide substitutions, six of which caused an alteration in the amino acid sequence. The amino acid changes from WT to A7 were alanine 65 to serine, arginine 115 to lysine, methionine 228 to threonine, isoleucine 297 to threonine, asparagine 323 to aspartate and arginine 373 to lysine. No insertions or deletions were detected. It should be noted that an arginine residue in WT was replaced by lysine in A7 at positions I 15 and 373, suggesting that a positively charged residue at these positions is important. It is interesting that some monoclonal antibodies raised against the A7 E1 polypeptide fail to recognize WT El, indicating that the observed differences in the amino acid sequence (Fig. 1 b) are sufficient to change the immunogenic properties of the proteins (data not shown).
Secondly, the 3'-terminal NTR of A7 showed major differences when compared to the WT sequence. Immediately at the 3' end of the E1 coding region, an apparent insertion of 334 nucleotides was found (Fig.  1 a) . It consisted of a unique sequence of 101 nucleotides which did not exhibit any significant homology to viral or any other available sequences. Therefore this sequence could be used as a probe for A7. Downstream from this segment, five tandemly organized sequence motifs were found, two of which were truncated forms of the full- length repeats. As shown in Fig. 1 , the same repeat was present in WT, once in complete and once in truncated form. A schematic presentation describing the organization of the repeats is given in Fig. 2 (a) . In both SFV strains, each repeat included a 12 nucleotide sequence motif, capable of pairing with the 5' region of the genomic RNA. Both the unique 101 nucleotide segment and the repeated region of A7 were AT-rich (A-T 69.6 %) and did not contain open reading frames. To ensure that the genomic RNA preparation used for cDNA cloning and sequencing was homogeneous we amplified by PCR the 3'-terminal repeated genome region and one single product of predicted size was obtained (data not shown). Alignment of the repeats in Fig. 2(b) shows that the sequences are all slightly different, but they retain the 5'-binding capacity, which becomes obvious from Fig. 2(c) .
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The repeated motifs found in SFV 3' NTR are not homologous to other alphaviruses. However, in Sindbis virus an equivalent 3'-terminal motif is repeated three times (Ou et al., 1981) . The non-repeated parts of the 3' NTRs were almost identical in A7 and WT, showing only three point mutations and one deletion in WT (Fig. 1 a) . The Y terminus, adjacent to the poly(A) tract, was identical to that of WT. In this region, the last 19 nucleotides are highly conserved among alphaviruses and thought to be functionally important as a recognition signal for the RNA replicase (Ou et al., 1983) . In order to show the presence of the complementary region for the 3' motifs at the 5' terminus of A7, PCR was employed using an infectious A7 RNA template and WT-derived primers. The PCR product was cloned into a pGEM-T cloning vector (Promega). Fig. 3 shows the alignment of the 5' termini of the two strains. The conserved genome regions differed by one nucleotide, whereas in the Y-terminal NTR, three nucleotide substitutions were found. Since the PCR technique was used to clone the 5' NTR, the cDNA sequences at the primer sites cannot be assessed.
The 3' NTR of alphaviruses comprises about 300 nucleotides (Ou et al., 1983) . For A7, the total length is 598 nucleotides (Fig. l a) showing that length is not limited to the size range observed in previously studied alphaviruses. Frey et aL (1979) reported that SFV 42S RNA forms circular panhandle structures, and melting temperature measurements suggested base-paired regions to be 10 to 20 nucleotides in length. Circularization of RNA for recognition by viral RNA replicase is presumably required (Ou et al., 1982 (Ou et al., , 1983 . The multiple repeats in A7 allow formation of alternative circular RNA structures. In addition the 3'-terminal sequence situated between nucleotide positions 71 and 85 upstream of the poly(A) region could bind to a 5'-terminal 15 nucleotide sequence of the 42S RNA at positions 40 to 54, forming 11 hydrogen-bonded base pairs (Ou et al., 1983) . This is identical to the situation found in WT virus.
There are indications of cell type-specific differences in replication for A7 and WT. Although the replication rates of WT and A7 appear to be similar in cell cultures in vitro (A. Salmi, unpublished results), it seems that, especially in neurons, WT is able to multiply more rapidly (Atkins, 1983; Gates et al., 1985; Smyth et al., 1990; Balluz et al., 1993; Fazakerley et al., 1993) . Computer analysis of the 5'-and T-terminal NTRs of A7 and WT predicted remarkable differences in the RNA secondary structures (data not shown), mainly due to the difference in the number of repetitive sequence motifs. Therefore regulation of the replication rate might occur through formation of circular RNA molecules with the 5' terminus paired alternatively to one of the 3'-terminal tandem repeat motifs, possibly depending on the host cell type.
Finally, attenuation based entirely on replication control via NTR regions could be an alternative approach in constructing live vaccines retaining the complete immunogenic epitopes of the virulent strain. Such an approach could be used together with those based on nucleotide substitutions in genes encoding structural proteins, which are known frequently to undergo reversion.
